We previously demonstrated that 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone (311) and other aroylhydrazone chelators possess potent antineoplastic activity because of their ability to bind iron (Fe). From these studies, we identified structural components of the hydrazones that provide antineoplastic activity, namely the salicylaldehyde and 2-hydroxy-1-naphthylaldehyde moieties. A related group of chelators known as the thiosemicarbazones also show pronounced antitumor activity because of their ability to inhibit ribonucleotide reductase. Considering this, we designed a new series of "hybrid ligands" by condensation 
Introduction
Iron (Fe) plays a critical role in a variety of metabolic processes, as Fe-containing proteins catalyze key reactions involved in energy production and DNA synthesis (eg, ribonucleotide reductase [RR]). 1, 2 In the absence of Fe, cells cannot proceed from the G 1 to the S phase of the cell cycle. [1] [2] [3] [4] Further, RR is the rate-limiting step in DNA synthesis, and the fact that Fe is critical for RR activity means it is an important target for antitumor drugs. [5] [6] [7] Neuroblastoma (NB) is an aggressive childhood tumor with a poor prognosis, and new therapies are urgently required. 8 Interestingly, NB cells from patients with advanced disease contain increased amounts of ferritin rich in Fe. 9, 10 Evidence of a sensitive relationship between Fe and NB cell growth is suggested by the observation that the chelator desferrioxamine (DFO) is capable of a cytotoxic effect on NB cells in vitro while having little effect on other cells. 11, 12 Indeed, clinical trials with DFO in patients with NB and leukemia have shown significant results. [13] [14] [15] [16] [17] Despite the link between Fe metabolism and the antineoplastic effect of DFO and other Fe chelators, 2 little is known about the molecular targets of Fe chelators or the structure-activity relationships involved.
We characterized chelators known as the pyridoxal isonicotinoyl hydrazone (PIH) analogues. [18] [19] [20] [21] [22] [23] [24] Some of these (eg, 311) show much higher antiproliferative activity against tumor cells than DFO. 21, [24] [25] [26] [27] After screening 36 PIH analogues, we identified structural characteristics of these Fe chelators that result in antiproliferative activity. 21, 24 We found that analogues derived from pyridoxal possess high Fe-chelation activity and low antiproliferative effects, properties of ligands suitable to treat Fe overload. 21 In contrast, analogues derived from salicylaldehyde and particularly 2-hydroxy-1-naphthylaldehyde possess pronounced antiproliferative activity plus high Fe-chelation efficacy, characteristics of ligands suitable to treat neoplasia. 21, 24 Intriguingly, a series of chelators related to PIH known as the thiosemicarbazones (eg, 3-aminopyridine-2-carboxaldehyde thiosemicarbazone, Triapine; Vion Pharmaceuticals Inc, New Haven, CT) have been described as the most effective inhibitors of RR yet identified. [28] [29] [30] [31] We showed that the 2-pyridyl component of these latter ligands does not confer antineoplastic activity on our PIH analogues. 32 Considering this, we believe that the other half of the molecule, that is, the thiosemicarbazide moiety (NH 2 -CS-NH-NH 2 ), could mediate antiproliferative activity. Therefore, condensation of 2-hydroxy-1-naphthylaldehyde with thiosemicarbazide to form 2-hydroxy-1-naphthylaldehyde thiosemicarbazone (NT; Figure 1 ) may result in a highly active chelator.
In this study, we designed a novel class of NT analogues that incorporate features of the thiosemicarbazones into the structural components of the most effective PIH analogues identified. 21, 24 Hence, we condensed salicylaldehyde or 2-hydroxy-1-naphthylaldehyde with a range of thiosemicarbazides, resulting in chelators with a wide range of lipophilicities. It was important to vary this latter factor because of its relationship to Fe-chelation efficacy and antiproliferative activity. 19, 21, 33, 34 The characterization of novel ligands is important in terms of obtaining the patent protection necessary for development by the pharmaceutical industry. Previous studies with 311 were reported without patent protection, 21, 24 and this obstructed its development. Hence, in addition to the NT analogues, we also assessed the activity of 3 new 311 analogues, known as 2-hydroxy-1-naphthylaldehyde nicotinoyl hydrazone (311m), 2-hydroxy-1-naphthylaldehyde 4,4-diphenylhydrazone (N44pH), and 2-hydroxy-1-naphthylaldehyde octylhydrazone (NoctH) ( Figure 1B ).
We show that the combination of 2-hydroxy-1-naphthylaldehyde with various thiosemicarbazides results in novel tridentate "hybrid chelators" known as the NT series, which have significantly greater antiproliferative activity than DFO. Importantly, the antiproliferative activity is relatively selective for tumor cells, the mechanism of action being due to the chelation of intracellular Fe. Interestingly, the Fe complexes of NT and N4mT appeared to have some redox activity, although this is not as marked as that observed for other thiosemicarbazones. In summary, we have identified 3 novel hybrid chelators (NT, N4mT, and N44mT) and a 311 analogue (311m) that warrant further investigation as suitable candidates for cancer chemotherapy.
Materials and methods

Synthesis and characterization of iron chelators and their preparation for screening in culture
Chelators were synthesized by Schiff base condensation 35 and characterized as described previously. 26 Chemical characterization of some of these chelators has been reported. 36 
Cell culture
Human K562 erythroleukemia cells, SK-Mel-28 melanoma cells, SK-N-MC neuroepithelioma cells, MRC5 fibroblasts, and MCF-7 breast cancer cells were from the American Type Culture Collection (Rockville, MD). Primary cultures of human umbilical vein endothelial cells (HUVECs) and human monocyte-derived macrophages were prepared using standard techniques. 37, 38 Bone marrow stem cell cultures were prepared using established methods 39 to assess the effects of chelators on the growth of granulocyte-macrophage (GM) colonies. The SK-N-MC line was used in most studies because the effects of chelators on these cells have been well characterized. 20, 21, [24] [25] [26] [27] The cells were grown using standard conditions. 21
Preparation of 59 Fe-transferrin
Apotransferrin (Sigma, St Louis, MO) was labeled with 59 Fe (Dupont NEN, Boston, MA) to produce 59 Fe-transferrin ( 59 Fe-Tf). 40, 41 
Effect of chelators on cellular proliferation and [ 3 H]thymidine incorporation
The effects of chelators on proliferation and DNA synthesis were examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 21 and [ 3 H]thymidine incorporation, 24 respectively.
Iron uptake and iron efflux experiments
The effects of chelators on 59 Fe uptake from 59 Fe-Tf and 59 Fe release from prelabeled cells were studied using standard procedures. 21, 24, [40] [41] [42] Effect of the chelators at binding 59 Fe from 59 
Fe-transferrin
The ability of the chelators to directly remove 59 Fe from 59 Fe-Tf was analyzed by dialysis studies. 19 
Northern and Western blot analyses
Northern and Western blot analyses were performed using established methods in our laboratory. 25, 27 Ascorbate oxidation and benzoate hydroxylation assay These assays were performed using standard procedures (T. Chaston, D.B.L., R. N. Watts, D.R.R., manuscript submitted, Dean and Nicholson, 43 and Gutteridge 44 ). , 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone (311), 2-hydroxy-1-naphthylaldehyde nicotinoyl hydrazone (311m), salicylaldehyde thiosemicarbazone (ST), 2-hydroxy-1-naphthylaldehyde thiosemicarbazone (NT), 2-hydroxy-1-naphthylaldehyde-2-methyl-3-thiosemicarbazone (N2mT), 2-hydroxy-1-naphthylaldehyde-4-methyl-3-thiosemicarbazone (N4mT), 2-hydroxy-1-naphthylaldehyde-4,4-dimethyl-3-thiosemicarbazone (N44mT), 2-hydroxy-1-naphthylaldehyde-4-ethyl-3-thiosemicarbazone (N4eT), 2-hydroxy-1-naphthylaldehyde-4-allyl-3-thiosemicarbazone (N4aT), 2-hydroxy-1-naphthylaldehyde-4-phenyl-3-thiosemicarbazone (N4pT), 2-hydroxy-1-naphthylaldehyde-4,4-diphenylhydrazone (N44pH), and 2-hydroxy-1-naphthylaldehyde-4-octylhydrazone (NoctH).
Measurement of DNA integrity using the plasmid pGEM-7Zf(؎) in the presence of Fe and the chelator
Escherichia coli (DH-5␣) was transformed with pGEM-7Zf(ϩ) (Promega, Madison, WI) and grown in LB medium. Plasmid DNA was then purified using the Qiagen plasmid purification kit (Qiagen, Hilden, Germany). Reagents were added in the following order: purified sterile water, chelator (1, 10, and 30 M), FeSO 4 (10 M), H 2 O 2 (1 mM), and plasmid DNA (10 g/mL). 45 Samples were incubated at room temperature for 30 minutes and then loaded onto a 1% agarose gel. 45 For the ascorbate oxidation, benzoate hydroxylation, and plasmid DNA strand-break assays, we used the term "iron-binding equivalents" (IBEs) to express our data. We did this because of the different coordination modes of the ligands to Fe (ie, DFO and EDTA are hexadentate and form 1:1 ligand-Fe complexes, whereas 311, Triapine, and NT and its analogues are tridentate, resulting in 2:1 ligand-Fe complexes). In this study, a range of ligand-Fe IBE ratios were used, namely 0.1, 1, or 3. An IBE of 1 is equivalent to the complete filling of the coordination shell of the Fe atom by the ligand(s). Thus, for a hexadentate chelator (ie, DFO or EDTA), an IBE ratio of 1 represents 1 ligand to 1 Fe atom, whereas for a tridentate chelator (ie, Triapine, NT, or 311), it is equal to 2 ligands to 1 Fe atom. An IBE of 0.1 represents an excess of Fe to chelator (ie, 1 hexadentate chelator or 2 tridentate chelators in the presence of 10 Fe atoms). An IBE of 3 represents an excess of chelator to Fe and is equal to 3 hexadentate chelators or 6 tridentate chelators in the presence of 1 Fe atom.
Statistics
Data were compared using Student paired t test. Results were considered statistically significant when P Ͻ .05.
Results
The effect of the chelators on the proliferation of neoplastic cells
Initially, the ability of the ligands to inhibit proliferation was assessed in SK-N-MC neuroepithelioma cells ( Figure 2 ; Table 1 ). These studies identified 311m, NT, and N4mT as having very high antiproliferative activity (50% inhibitory concentration [IC 50 ] ϭ 0.3-0.5 M; Table 1 ). These ligands were significantly (P Ͻ .0001) more active than DFO (IC 50 ϭ 22 M) and had efficacy comparable to 311 (IC 50 ϭ 0.3 M; Table 1 ). Like the Fe complexes of DFO and 311, 25, 26 the NT-Fe complex was not very active at inhibiting SK-N-MC cell proliferation (IC 50 Ͼ 12.5 M; Figure 2 ; Table 1 ). This suggests that the metal ion binding activity of this 
The chelators and the iron complex of NT were incubated with cells for 72 hours. At the end of this incubation period, cell density was determined by the MTT assay as described in "Materials and methods" and presented as 50% inhibitory concentration (IC50) in M.
Results are mean Ϯ SD (3 experiments), except for human monocyte-derived macrophages (mean of 2 experiments). DFO indicates desferrioxamine; other abbreviations are explained in the legend of Figure 1 . *Dashes indicate data not determined. For personal use only. on October 20, 2017 . by guest www.bloodjournal.org From ligand plays a role in its activity. Other chelators with appreciable activity against SK-N-MC cells included N44mT and N4eT, which had IC 50 values of 1.5 and 1.6 M, respectively (Table 1) .
To investigate the spectrum of antineoplastic activity, we assessed the most active analogues against SK-N-MC cells (311m, NT, N4mT, and N44mT), K562 erythroleukemia cells, SK-Mel-28 melanoma cells, and MCF-7 breast cancer cell lines (Table 1) . These ligands were far more active than DFO at inhibiting proliferation of K562 and MCF-7 cells (Table 1) . Against SK-N-MC cells, NT and N4mT were more active (IC 50 ϭ 0.5 M) than N44mT (IC 50 ϭ 1.5 M; Table 1 ). However, of these chelators, N44mT was most active against K562, SK-Mel-28, and MCF-7 cells (Table 1) . Significantly, 311m demonstrated marked activity against all neoplastic cells ( Table 1 ).
The chelators have less effect on the proliferation of normal cell types than neoplastic cells
Clinically useful antitumor agents have a significant therapeutic index (ie, they have little effect on normal cells while inhibiting neoplastic cell growth). Hence, it was important to compare the antiproliferative effects of the most active chelators (311, 311m, NT, N4mT, and N44mT) between a range of neoplastic and normal cell types ( Figure 3 ; Table 1 ). In these experiments, N2mT was included as a negative control because the methyl group at the 2-position ( Figure 1 ) hinders electron delocalization and metal binding. These studies showed that in contrast to SK-N-MC cells, in which 311, 311m, NT, N4mT, and N44mT resulted in a potent antiproliferative effect (IC 50 ϭ 0.3-1.5 M), these chelators had relatively little effect on fibroblast proliferation, with the IC 50 values being greater than 25 M (Figure 3 ; Table 1 ). The difference in the antitumor effect may be due to the lower rate of proliferation of the MRC-5 fibroblasts (doubling time, 22 hours) compared with the SK-N-MC neuroepithelioma cells (doubling time, 16 hours). For the most active chelators examined (311, 311m, NT, N4mT, and N44mT), their ability to inhibit growth was most pronounced for the neoplastic cells as compared with normal cell types. Of the normal cells examined, MRC-5 fibroblasts were the least sensitive to the action of the 5 chelators, whereas the more rapidly proliferating HUVEC cultures were the most sensitive (Table 1) . Despite the similar replicative rates of HUVEC and SK-N-MC cells, the latter tumor cells were more sensitive to chelators. Comparing the 4 neoplastic cell types assessed, we found that SK-N-MC neuroepithelioma cells were the most sensitive and MCF-7 breast cancer cells were least affected.
Further studies examined the effect of one of the most potent antiproliferative agents identified in this study, namely 311m, on the proliferation of GM colonies of normal human bone marrow over 14 days. As relevant controls, the effects of the cytotoxic drugs cisplatin and doxorubicin were compared with 311m ( Figure 4 ). The ability of 311m to inhibit proliferation of GM colonies was far less marked than that of doxorubicin and similar to that of cisplatin ( Figure 4) .
The relationship between lipophilicity and antiproliferative activity of the NT series
To assess the relationship between lipophilicity and antiproliferative activity, we plotted average calculated log P values (n-octanolwater partition coefficients) against IC 50 values in SK-N-MC cells ( Figure 5 ). Log P values were calculated (Table 2 ) by the procedures of Broto et al, 46 Ghose and Crippen, 47 and Viswanadhan et al 48 using Chem Draw Pro (v. 4.5, Cambridge Software, 1997). The means of these values (average calculated log P values; Table  2 ) showed a strong linear correlation with antiproliferative activity (r ϭ 0.95; Figure 5 ) if NoctH was excluded. Possible reasons why NoctH did not fit the correlation may relate to structural differences relative to other analogues, namely, only NoctH has a highly lipophilic carbon "tail" (Figure 1B) . The highly effective Fe chelator and antiproliferative agent, 311m, has similar activity to the clinically used antitumor agent cisplatin but far less activity than doxorubicin at inhibiting the growth of normal GM stem cell colonies from human bone marrow. Normal bone marrow stem cells were incubated for 14 days at 37°C with the agents (0.005-0.4 M), and the colonies were then counted. Results are from a typical experiment.
Our investigation identified a significant chelator structureactivity relationship dependent on lipophilicity. This was demonstrated by N4mT and N44mT, which have 1 and 2 methyl groups at N4 ( Figure 1 ) and have IC 50 values of 0.5 and 1.5 M, respectively, in SK-N-MC cells. In addition, N4pT and N44pH (both more lipophilic than N4mT and N44mT; Table 2 ) have 1 and 2 phenyl groups at N4 and have IC 50 values of 3.3 and 5.2 M, respectively. Hence, for the NT series, antiproliferative activity against SK-N-MC cells decreased when the substituents on the terminal nitrogen atom of the thiosemicarbazide (N4; Figure 1A ) became increasingly lipophilic.
The effect of the chelators on iron efflux from SK-N-MC neuroepithelioma cells
To determine the role of Fe chelation in the antiproliferative effects observed, we examined the ability of the ligands to mobilize 59 Fe from SK-N-MC cells. Cells were prelabeled for 3 hours at 37°C with 59 Fe-Tf, washed, and then reincubated for 3 hours at 37°C with the chelators (Figure 6A-B) . As internal standards, DFO and 311 were used because their activities are well characterized. 20, 21, 24, 25 Broadly, the ligands can be grouped into 2 classes depending upon their ability to mobilize 59 Fe. The first group has activity similar to DFO and includes ST, NT, and N2mT, which mobilize 3% to 13% of total cellular 59 Fe ( Figure 6A ). The second group includes the remaining NT analogues, which are significantly (P Ͻ .0001) more effective than DFO, resulting in the release of 28% to 43% of cellular 59 Fe ( Figure 6A ). Of this latter group, N44mT is the most efficient, having activity comparable to 311 and 311m and resulting in the release of 43% of 59 Fe ( Figure 6A ). The parent analogue, NT, mobilized only 13% of cellular 59 Fe and was markedly less efficient than the other NT analogues ( Figure 6A ). The 59 Fe mobilization observed for DFO and 311 correlated with that in our previous studies. 21, 24 Because NT has high antiproliferative efficacy ( Figure 2 ; Table  1 ) but low activity at mobilizing 59 Fe from cells ( Figure 6A ), time-course experiments were performed to understand its mechanism of action ( Figure 6B ). In these studies, N44mT was also assessed because it has high activity at inhibiting proliferation and mobilizing 59 Fe. These results with NT and N44mT were compared with those of 311 and DFO. Our experiments showed that DFO and NT behaved similarly, both increasing 59 Fe efflux from the SK-N-MC cells as a function of time, being far less effective than N44mT and 311 ( Figure 6B ). These data suggest that NT 46 Ghose and Crippen, 47 and Viswanadhan et al 48 using the program Chem Draw (v. 4.5, 1997), and the results were then averaged ( Table 2 ). Note that all average log Pcalc values were plotted (Table 2 ) except for chelators ST and N2mT, which had IC50 values greater than 12.5 M and thus could not be graphed. Log Pcalc values were calculated using the program Chem Draw Pro v. 4.5.
Abbreviations are explained in the legend of Figure 1 . *Could not be calculated by Broto's method. and/or its Fe complex may be subject to similar permeability limitations as DFO, which forms a hydrophilic Fe complex that does not exit cells easily. 49, 50 The effect of the chelators on iron uptake from transferrin by SK-N-MC neuroepithelioma cells
To further characterize the effects of the chelators on Fe metabolism, we examined the ability of the ligands to inhibit 59 Fe uptake from 59 Fe-Tf (0.75 M) by SK-N-MC cells in the absence or presence of the chelators (25 M) for 3 hours at 37°C ( Figure  7A-B) . In agreement with their lower ability to mobilize 59 Fe, ST, NT, and N2mT had little effect at preventing 59 Fe uptake ( Figure  7A ). The most efficient chelators, namely 311, 311m, and N44mT, limited 59 Fe uptake to 5% to 9% of the control level, their activity being significantly greater (P Ͻ .0001) than that of DFO ( Figure  7A ). These results agree with the ability of these ligands to mobilize cellular 59 Fe ( Figure 6A ). It is significant that all analogues (except ST, NT, and N2mT) showed much greater efficacy than DFO in preventing 59 Fe uptake from 59 Fe-Tf by SK-N-MC cells ( Figure 7A ).
We examined whether the ability of the chelators to prevent 59 Fe uptake from 59 Fe-Tf ( Figure 7A ) was due to direct removal of 59 Fe from the protein. The most effective chelators at inhibiting proliferation, namely 311, 311m, NT, N4mT, and N44mT, were ineffective at removing 59 Fe from Tf over the duration of an uptake experiment (3 hours), resulting in the release of 0.1% to 0.3% of the bound 59 Fe, whereas DFO removed 0.7% (data not shown). These results demonstrate that the chelators have very little effect on direct 59 Fe release from 59 Fe-Tf, as found for other aroylhydrazones. 19 Further, these data suggest that the ligands inhibit 59 Fe uptake only after intracellular delivery from Tf.
Considering the limited permeability of NT and/or its Fe complex in kinetic studies assessing 59 Fe mobilization ( Figure 6B ), we conducted time-course experiments examining the effects of NT on 59 Fe uptake from 59 Fe-Tf. These results were compared with those of the most effective NT analogue, N44mT, and the standards 311 and DFO ( Figure 7B ). These experiments again showed that NT and/or its Fe complex may be subject to the same permeability limitations as DFO, as both chelators only moderately reduced 59 Fe uptake from 59 Fe-Tf, even for incubations of 24 hours ( Figure 7B ). For example, after a 6-hour incubation, NT and DFO reduced 59 Fe uptake by SK-N-MC cells to 82% and 85% of the control, respectively. In contrast, after 24 hours, NT and DFO reduced 59 Fe uptake to 61% and 48% of the control, respectively ( Figure 7B ).
The relationship between iron-chelation efficacy and antiproliferative activity of the NT series in SK-N-MC neuroepithelioma cells
It was of interest to explore the relationship between Fe-chelation efficacy (Figures 6-7 ) and antiproliferative activity (Table 1; Figure  2 ). Chelators N4mT and N44mT have high chelation activity (Figures 6-7 ) and antiproliferative activity (IC 50 ϭ 0.5 and 1.5 M, respectively; Table 1 ). However, N44pH and NoctH also demonstrate high Fe-chelation efficacy (Figures 6-7) , but have much lower antiproliferative activity (IC 50 ϭ 5.2 and 10.5 M, respectively; Table 1 ). Additionally, NT has marked antiproliferative effects (Table 1) but has low Fe-chelation efficacy (Figures 6-7) . The lack of correlation between antiproliferative activity and Fe-chelation efficacy may reflect differences in the Fe pools targeted by these chelators and/or the relative efficacies of the ligand or its Fe complex to permeate membranes.
The effect of the chelators on [ 3 H]thymidine incorporation by SK-N-MC neuroepithelioma cells
Because chelators can inhibit RR via Fe depletion, 2 the effect of the NT analogues on DNA synthesis in SK-N-MC cells was examined ( Figure 8 ; Table 3 ). Of the NT analogues, the most active inhibitor of DNA synthesis was N44mT (IC 50 ϭ 1.5 M), which had significantly higher activity (P Ͻ .0001) than DFO (IC 50 ϭ 23 M) and slightly less effect than 311 (IC 50 ϭ 0.6 M; Figure 8 ; Table 3 ). N44mT also showed the highest Fe-chelation efficacy of the NT series in terms of increasing 59 Fe mobilization ( Figure  6A -B) and inhibiting 59 Fe uptake ( Figure 7A-B) . On the other hand, ST, NT, and N2mT were among the least effective inhibitors of DNA synthesis (Figure 8 ; Table 3 ) and had relatively low Fechelation efficacy (Figures 6-7) . However, overall, there was a very weak relationship between inhibiting DNA synthesis and either preventing 59 Fe uptake from 59 Fe-Tf (r ϭ 0.48) or increasing 59 Fe mobilization from prelabeled cells (r ϭ 0.32). For example, in terms of inhibiting DNA synthesis, chelator NoctH was much less active (IC 50 ϭ 17.4 M; Table 3 ) than N4pT (IC 50 ϭ 3.8 M; For personal use only. on October 20, 2017 . by guest www.bloodjournal.org From Table 3 ), even though the ligands have comparable Fe-chelation efficacy (Figures 6-7 ). When the relationship between antiproliferative activity (Table 1) and [ 3 H]thymidine incorporation (Table 3) was examined, a weak linear relationship was found (r ϭ 0.54).
The effect of the chelators on the expression of TfR and cell-cycle control molecules
Low concentrations of 311 (25 M) and much higher concentrations of DFO (150 M) cause SK-N-MC cells to up-regulate TfR and GADD45 mRNA levels. 25, 27 The TfR plays a crucial role in Fe uptake, 1,2 whereas GADD45 plays a role in cell-cycle arrest. Hence, it was of interest to assess whether the most active NT analogues also up-regulate these genes. In line with earlier studies, 25, 27 DFO (150 M) and 311 (25 M) up-regulated TfR and GADD45 mRNA levels ( Figure 9 ). Of the NT series, N44mT (25 M) markedly up-regulated TfR and GADD45 mRNA levels, whereas NT, N4mT, and particularly N2mT showed less activity. The NT-Fe complex did not increase TfR or GADD45 mRNA levels ( Figure 9 ).
Because Fe deprivation causes G 1 /S arrest, 2 we assessed changes in the expression of cell-cycle control molecules that play roles in G 1 /S progression. Hence, we examined the most cytotoxic NT analogues, namely NT and N4mT, compared with the known effects of 311 27 on the protein levels of key cyclins (cyclins A, E, D1, D2, and D3) and cyclin-dependent kinases (cdk2 and cdk4). Hyperphosphorylation of the retinoblastoma gene susceptibility product (pRb) is essential for G 1 /S progression, and it is known that D-type cyclins bind cdk4 and/or cdk2 to phosphorylate pRb. [51] [52] [53] [54] In line with previous studies, 27 DFO (150 M) and 311 (25 M) caused a marked decrease in the expression of cyclins D1, D2, and D3 and also cdk2 in SK-N-MC cells ( Figure 10A-B) . Both NT (25 M) and N4mT (25 M) also caused a marked decrease in the expression of these cell-cycle control molecules, but were slightly less effective than 311 ( Figure 10A-B) . Relative to the control, all chelators had little effect on cdk4 and cyclin-A levels, whereas 311 and NT (25 M) increased cyclin E ( Figure  10A-B) . These latter results may be due to cell-cycle dysregulation induced by the chelator. 27 
org From
The effects of the chelators on iron-mediated free-radical damage Doxorubicin and bleomycin partly mediate their antitumor effects by forming metal ion complexes that generate free radicals. We used the ascorbate oxidation, benzoate hydroxylation, and plasmid DNA cleavage assays to assess the redox activity of the Fe complexes of the chelators with the greatest antiproliferative activity in SK-N-MC cells, namely 311m, NT, and N4mT. The redox-active Fe complexes of EDTA and Triapine were used as controls because their effects are well characterized. 40, 55, 56 Ascorbate oxidation. The ability of the Fe complexes of the ligands to reduce Fe(III) as determined by ascorbate oxidation is shown in Figure 11A . EDTA promoted oxidation of ascorbate at all ligand-Fe(III) ratios (expressed as IBEs; see "Materials and methods"). At IBE ratios of 0.1, 1, and 3, EDTA increased ascorbate oxidation to 145%, 382%, and 376% of the control, respectively ( Figure 11A ). In contrast, 311m, NT, and N4mT at IBE ratios of 1 and 3 were protective against ascorbate oxidation ( Figure 11A ). For instance, at an IBE ratio of 3, these chelators reduced ascorbate oxidation to 19%, 33%, and 77% of the control, respectively ( Figure 11A ). Triapine potentiated ascorbate oxidation at all IBE ratios ( Figure 11A) .
Benzoate hydroxylation. This assay is based on the ability of hydroxyl radicals to hydroxylate benzoate to fluorescent products (308 nm excitation and 410 nm emission) (T. Chaston, D.B.L., R. N. Watts, D.R.R., manuscript submitted, Dean and Nicholson, 43 and Gutteridge 44 ). Previous studies showed that the EDTA-Fe complex increases benzoate hydroxylation. 43 At IBE ratios of 0.1, 1, and 3, EDTA increased benzoate hydroxylation to 159%, 341%, and 358% of the control, respectively ( Figure 11B ). Chelator 311m was mildly protective at an IBE ratio of 3, at which it reduced benzoate hydroxylation to 73% of the control ( Figure 11B ). NT had little effect on benzoate hydroxylation, whereas N4mT elevated it to 157% of the control ( Figure 11B ). In contrast, Triapine greatly increased benzoate hydroxylation to 530% and 683% of the control at IBE ratios of 1 and 3, respectively ( Figure 11B) .
Plasmid DNA integrity. In these studies, we examined the ability of chelators to prevent Fe-mediated hydroxyl-radical damage to plasmid DNA. 45 Untreated plasmid and plasmid treated with H 2 O 2 appeared on gels as a single supercoiled (SC) DNA band ( Figure 12 ). As another control, plasmid treated with BamHI was included, resulting in a single band of linearized DNA (Figure 12 ). When plasmid was treated with Fe(II) and H 2 O 2 , SC DNA was partially converted to the open circular (OC) form (Figure 12) .
Although EDTA was redox active in the ascorbate oxidation ( Figure 11A ) and benzoate hydroxylation assays ( Figure 11B ), this chelator was protective of SC DNA at IBE ratios of 1 and 3. This agrees with the well-characterized protective effects of EDTA against Fe-mediated DNA damage. However, 311m was not protective of SC DNA in the presence of Fe(II) and H 2 O 2 , resulting in the formation of OC DNA and also linearized DNA, particularly at IBE ratios of 1 and 3 ( Figure 12 ). These findings were observed even though 311m was redox inactive in the ascorbate oxidation and benzoate hydroxylation assays ( Figure 11A-B) . The reason for this inconsistency may be that the PIH class of chelators has low affinity for Fe(II). 57 Additionally, differences in the interactions of 311m and/or Fe(II) with benzoate and DNA may contribute to this discrepancy.
The Fe complexes of NT and N4mT at an IBE of 0.1 showed effects on SC DNA that were similar to those of the Fe complex of 311m ( Figure 12) . However, at IBE ratios of 1 and 3, N4mT and particularly NT caused plasmid degradation. This latter effect was pronounced for NT at an IBE of 3 ( Figure 12 ). Triapine was more aggressive than NT, completely degrading plasmid DNA at IBE ratios of 1 and 3 ( Figure 12 ).
Discussion
New strategies for selectively inhibiting cancer cell growth are vital, especially considering that some tumors become resistant to conventional chemotherapy. Considering this, many studies using cell culture, animal models, and clinical trials have shown that tumors are sensitive to Fe-chelation therapy using DFO. 2, [11] [12] [13] [14] [15] [16] [17] However, DFO has serious disadvantages, including its requirement for long infusions, its short plasma half-life, and its poor permeability, which leads to poor antitumor activity. 58, 59 Hence, it is essential to examine new chelators with greater activity.
We have designed novel "hybrid" Fe chelators known as the NT series. These ligands incorporate structural elements of the highly active thiosemicarbazones [28] [29] [30] [31] with the features of the most effective PIH analogues. 21, 24 Our current studies have identified new ligands that show selective antitumor activity that is much greater than that of DFO. These results confirm our design strategy and provide insights into the structural requirements for optimal antitumor activity. In contrast to previous chelators of the PIH class, our new ligands are the subject of a patent application. This is important in terms of characterizing these agents as antitumor drugs because pharmaceutical development will not proceed without patent protection.
One problem with all cytotoxic agents for cancer treatment is the lack of selectivity against tumor cells as opposed to normal cells. The use of Fe as a target is a relatively new therapeutic strategy that has shown promising results, even using DFO, which is not highly membrane permeable. [11] [12] [13] [14] [15] [16] [17] More permeable lipophilic chelators that rapidly inhibit RR show more promise. Indeed, Triapine is already in phase II clinical trials and demonstrates high activity and appreciable selectivity. 30, 31 Some of our ligands are more effective chelators than Triapine, 41 and we have shown that 311 is a potent RR inhibitor that can overcome hydroxyurea resistance in vitro. 60 Significantly, the most cytotoxic NT analogues against SK-N-MC neuroepithelioma cells, namely NT and N4mT, showed selective antitumor activity, having significantly less effect on a range of normal cells (Table 1) . However, although these compounds showed high activity against neuroepithelioma cells, less efficacy was observed in other tumor cell types (Table 1) . These results indicate that NT and N4mT may have more potential in the management of neuroepithelioma and related tumors. Although N44mT showed slightly less antiproliferative activity against SK-N-MC cells than NT or N4mT, this ligand displayed high efficacy against K562 leukemia and SK-Mel-28 melanoma cells. In addition to these "hybrid" ligands, we also identified the 311 analogue 311m, which shows high antitumor activity against neoplastic cells and significantly less activity against normal cells (Table 1) .
The basis of selectivity for the chelators is that rapidly growing tumor cells have a higher Fe requirement for DNA synthesis and metabolism than more slowly growing normal cells. Indeed, the more slowly growing fibroblasts (doubling time, 22 hours) were far less affected than the more rapidly growing SK-N-MC neuroepithelioma cells (doubling time, 16 hours) ( Table 1) . Considering the effect on normal cells, it was significant that one of the most potent Fe chelators studied, 311m, showed similar activity to cisplatin and far less effect than doxorubicin at inhibiting the growth of bone marrow stem cells. Furthermore, injection of 311 intraperitoneally (300 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ; 5 d/wk) in nude mice bearing an NB xenograft resulted in no marked deleterious effects over 4 weeks, but resulted in a 60% decrease (n ϭ 4) in tumor size (data not shown). These results, together with studies showing the activity of aroylhydrazones against tumors in vivo 61,62 in the absence of pronounced toxicity, 62 demonstrate their potential as anticancer agents.
Considering the role of Fe in proliferation 1,2 and the fact that tumors are sensitive to Fe depletion, 2 it was vital to determine the Fe-chelation efficacy of the ligands. Our studies showed that the Fe-chelation efficacy of most NT ligands was higher than that of DFO. However, NT demonstrated Fe-chelation efficacy comparable to DFO. In light of its high antiproliferative activity, it is possible that the lower chelation efficacy of NT may be due to the formation of an Fe complex that is less lipophilic and subject to impaired permeability. It is relevant to discuss that chelator N2mT showed no appreciable Fe-chelation activity. These data are in agreement with its low antiproliferative efficacy (Table 1) and reflect its difficulty in coordinating to Fe. In this case, the methyl group at the 2-position of N2mT (Figure 1 ) hinders the electron delocalization that stabilizes Fe binding. Nonetheless, this result, together with the fact that the NT-Fe complex shows far less antiproliferative activity than NT and no ability to induce TfR or GADD45 mRNA expression (Figure 9 ), suggests that the antiproliferative activity of the NT series is due to their ability to bind Fe.
In the present study, NT was one of the most effective ligands in terms of its ability to inhibit proliferation, despite its lower Fe-chelation efficacy than other NT analogues or 311. The fact that NT does not markedly deplete cells of Fe could be an advantage over 311 and 311m, which are the most effective chelators ever assessed in our laboratories. One possible problem with 311 and 311m is their potential to markedly deplete Fe levels within the organism. However, the use of NT, which does not possess such high Fe-chelation efficacy, could be more appropriate. Obviously, detailed dose-response studies in animals should be conducted, and these are under way. Indeed, the high antiproliferative activity of these chelators (Table 1 ) and marked Fe-chelation efficacy (eg, 311m; Figures 6-7) could necessitate very low doses, preventing profound Fe depletion but maintaining antitumor activity.
Because thiosemicarbazones are RR inhibitors, 63, 64 we assessed the effects of our chelators on DNA synthesis. For 311, 311m, and N44mT, inhibition of DNA synthesis (Table 3) was associated with high Fe-chelation efficacy ( Figures 6A,7A ) and antiproliferative activity (Table 1) . However, for some chelators there was less correlation. For instance, although NT markedly inhibited proliferation (Table 1) , it only moderately prevented DNA synthesis (Table  3) , perhaps reflecting its lower Fe-chelation efficacy. The modest prevention of DNA synthesis by NT indicates that it has other modes of action besides inhibition of RR. Indeed, we showed that these chelators also affect the expression of cell-cycle control molecules ( Figure 10 ). It should also be noted that our previous studies 20, 21 showed that there was a lack of correlation between Fe-chelation efficacy and antiproliferative activity. This probably reflects the different cellular Fe pools (which have divergent functions) that are targeted by the chelators.
Our studies of the aroylhydrazone chelators with the same Fe-binding site as 311, namely 311m, N44pH, and NoctH, demonstrate that these ligands show high affinity and selectivity for Fe(III) and much lower affinity for Mg(II), Ca(II), and Zn(II). 57, 65 Further, thiosemicarbazones are well-known chelators with high avidity for Fe. [66] [67] [68] Formation-constant calculations show that all our chelators (apart from N2mT) have similar and high Fe-binding affinity and selectivity for this metal (D.R.R., in preparation). In addition, there was no defined correlation between Fe-binding affinity and biologic activity. Indeed, our previous studies showed that for aroylhydrazone ligands, one of the most important effects on activity appears to be lipophilicity. 19 Considering the affinity and selectivity of one of our most active chelators, 311m, at pH 7.4 using a ligand concentration of 10 Ϫ3 M and a metal concentration of 10 Ϫ6 M, the Ϫlog of the free metal concentration (pM) for Fe(III) was 28. In contrast, the affinity of this ligand for Ca(II) and Mg(II) was negligible (pM ϭ 6). As observed for DFO and PIH, 57 the chelator had a higher affinity for Zn(II), with a pM of 10. Hence, the selectivity of our aroylhydrazones for Fe was similar to that of DFO and PIH. 57 Another mode of activity exerted by NT analogues may be the formation of Fe complexes that generate toxic free radicals. Thiosemicarbazone-Fe complexes have antitumor activity and inhibit RR, 63, 64 and in fact, Triapine 30 forms an Fe complex with marked antiproliferative and redox activity (Figure 11 ; T. Chaston, D.B.L., R. N. Watts, D.R.R., manuscript submitted). In contrast, the NT-Fe complex was relatively inactive in terms of antitumor activity (Table 1) , and both the Fe complexes of NT and N4mT failed to oxidize ascorbate or hydroxylate benzoate (Figure 11 ). However, NT did degrade DNA at an IBE ratio of 3, although its effect was far less than that of Triapine (Figure 12) . Thus, the redox activity of NT and N4mT was less than that of Triapine and may play a lesser role in their biologic effects.
In summary, the combination of 2-hydroxy-1-naphthylaldehyde with various thiosemicarbazides results in novel hybrid chelators with significantly greater antiproliferative activity than DFO. We demonstrated that this activity was selective for tumor cells, as the most efficient analogues were less effective at inhibiting the growth of normal cells. Because of these properties, NT, N4mT, and N44mT, as well as the 311 analogue 311m, warrant further investigation for cancer chemotherapy.
